Background
Clozapine is an atypical antipsychotic and the gold standard for treatment-refractory schizophrenia, that is, for patients in whom at least two traditional antipsychotics have been ineffective [1] . The reason why guidelines only allow clozapine to be prescribed in treatment-refractory schizophrenia is the rare, but potentially lethal occurrence of clozapine-induced agranulocytosis (CIA) [1] . The FDA label also lists black-box warnings that dose-related side effects of orthostatic hypotension, bradycardia, syncope, and seizure have been observed, and warns of serious cardiac side effects and increased mortality in the elderly (see drug label). Other common side effects include sedation (mostly transient) and metabolic side effects such as weight gain. Although the dosage required can vary considerably among patients (~150-1000 mg/day), clozapine has a narrow therapeutic window and therapeutic drug monitoring is recommended: serum concentrations of clozapine less than 250 ng/ml are associated with relapse and those above 750 ng/ml are associated with an increased risk of intoxication [1] . Although there are currently no published pharmacogenomic (PGx) guidelines for patients with variants influencing metabolism of clozapine, the FDA label cautions about CYP2D6 poor metabolizers and potential drug-drug interactions (DDIs) with drugs metabolized by the same CYP450 enzymes as clozapine. This summary examines the pharmacokinetics (PK) of clozapine and the candidate genes involved and discusses the impact of their variants. Although there are a large number of receptors that clozapine acts on, perhaps at least as many as 39 different receptors [2] , the pharmacodynamics (PD) of clozapine are not within the scope of this article, except where PD effects are the result of PK genes.
Metabolism
Clozapine undergoes extensive hepatic metabolism, with the main routes being demethylation to N-desmethylclozapine and oxidation to clozapine N-oxide (depicted in Fig. 1 ) [3] .
In vitro experiments suggest that CYP3A4 accounts for around 70% of clozapine clearance, CYP1A2 around 15%, and 5% or less for CYP2C19, CYP2C8, and FMO3 [4] . In vitro studies of clozapine metabolism indicate that CYP3A4 and CYP1A2 are the major enzymes responsible for demethylation, with CYP2D6 playing a very minor role [3, 5] . Several enzymes were capable of generating the N-oxide metabolite of clozapine in vitro (CYP1A2, CYP2E1, CYP2C9, CYP3A4, CYP2D6, FMO3, CYP2C19), but in vivo, CYP1A2 is considered to be the major catalyst [1, 3, 5, 6] . Studies in-vivo suggest that CYP3A5 and CYP3A43 may also play a role [7, 8] . N-desmethylclozapine is an active metabolite, capable of exerting effects through dopamine D2 and D3 receptors [9] , histamine receptors [10] , muscarinic M1 [11] , and serotonin receptors [12] . Also, the ratio of clozapine to N-desmethylclozapine is a strong predictor of working memory performance in patients with schizophrenia, with lower ratios associated with better working memory and executive function [11, 13] . Clozapine N-oxide is considered inactive and may be metabolized back to clozapine [3, 14, 15] . Additional metabolites have been identified in urine from clozapine-treated patients, but the clinical significance of these metabolites is not clear [16] .
Although there are functional variants in CYP1A2, there is no consensus on the impact of these particularly with respect to clozapine [17] [18] [19] [20] [21] (discussed further below in the PGx section). Serum concentrations of clozapine are lower in smokers than nonsmokers because of activation of CYP1A2 [22] . Changes in smoking behavior can significantly alter clozapine metabolism, with clozapine exposure increasing by over 50% after the cessation of smoking [23] . Strong inhibitors of CYP1A2 such as the antibiotic ciprofloxacin can also significantly increase clozapine exposure, and case studies have reported fatal interactions [24] . In addition, during infection, proinflammatory cytokines can downregulate the expression of CYP1A2, which may exacerbate this effect [25] . The antidepressant fluvoxamine is also an inhibitor of CYP1A2 and can increase plasma concentrations of clozapine. This PK effect can be utilized as a mechanism to modulate clozapine dose, reducing the dose of clozapine in an attempt to decrease side effects while maintaining efficacy [26] .
Overall, dose, sex, age, and smoking account for ∼ 50% of variability in serum clozapine and the remaining 50% is likely composed of genetic variants in drug-metabolizing enzymes and by comedications [27, 28] . Serum clozapine is lower in men compared with women despite women receiving lower doses [27] [28] [29] . Plasma clozapine is ∼ 20-30% lower in smokers compared with nonsmokers [27] [28] [29] . Significantly higher concentrations are observed in older patients (>45 years) compared with younger patients (18-26 years) [28] . A very small study of pregnant women receiving antipsychotics found decreased plasma concentrations; although not significant for clozapine (n = 4), it was significant for other drugs (aripiprazole n = 14 and quetiapine n = 35) and the authors postulated that levels of CYP3A4 are induced during pregnancy and this may influence antipsychotic drug PK [30] . This, combined with alterations in behavior during pregnancy, such as change in caffeine use and smoking, may be important to monitor in women receiving clozapine.
Transport
Overall experiments on clozapine transport have been conducted in a variety of cell types and have not yielded a concerted picture about which transporters are involved in influx or export. The scattered evidence is presented below and all reasonable candidates are shown in Fig. 1 .
Clozapine is transported efficiently across the blood-brain barrier and into the brain as shown by PET imaging of carbon-11-labeled clozapine [31] . However, this study used intravenous clozapine, whereas most patients receive the drug orally and the transporters responsible were not identified. For oral clozapine, transport across the gut is important. There is evidence that clozapine metabolism in the gut is different from that in the liver as grapefruit juice (an inhibitor of gut CYP3A4, but not liver CYP3A4) does not impact plasma clozapine concentrations [32, 33] .
Uptake in the liver may be catalyzed by SLC22A1 as clozapine could inhibit SLC22A1 transport of a model substrate (MPP + ) in vitro [34] . In the same in vitro experiments, clozapine also interacted with SLC22A2 and SLC22A3 [34] .
The relationship of clozapine with the ABCB1 encoded transporter (also known as PgP) is conflicting in the literature. Early in vitro experiments with CaCo-2 cells (an intestinal cell line) reported clozapine and N-desmethylclozapine as low-affinity substrates of ABCB1 and inhibitors of ABCB1-mediated talinolol transport [35] . However, although ABCB1 variants are associated with differential PK or outcomes [36, 37] , more recent articles report that clozapine is not a substrate or an effective inhibitor of ABCB1 [38] .
Clozapine inhibits ABCG2 transport of mitoxantrone in vitro [39] . Furthermore, variants in the ABCG2 transporter are associated with clozapine exposure and variants in ABCC1 are associated with outcomes, but it has not been shown definitively that clozapine is a substrate for either (discussed further in the PGx section) [1, 37] .
Drug-drug interactions
There are many publications on clozapine DDIs, but most studies are very small or individual case reports and very few consider whether PGx variants impacted the interaction (reviewed by Spina and de Leon [40] ).
The FDA label for clozapine categorizes the DDIs into four types with recommendations for each:
(1) Strong CYP1A2 inhibitors, for example, fluvoxamine and ciprofloxacin; the recommendation is to reduce the clozapine dose to one third. Studies of DDIs of each type are discussed below and summarized in Table 1 .
Type 1 drug-drug interactions: strong CYP1A2 inhibitors
There are multiple reports in the literature of serious, sometimes fatal interactions between clozapine and ciprofloxacin, supporting the recommendation to modulate the clozapine dose [24, [41] [42] [43] [44] [45] [46] [47] . There is also a large body of literature on fluvoxamine and clozapine (reviewed by Spina and de Leon [40] ): several papers discuss the use of fluvoxamine as an adjunct to avoid high doses of clozapine, with lower clozapine doses reducing the incidence of side effects including weight gain [48] , glucose/metabolic dysfunction [49] , and hematotoxicity [50] .
An in-vitro study using human liver microsomes investigated the production of N-desmethylclozapine and clozapine N-oxide in response to cotreatment with fluvoxamine [51] . The authors concluded that caffeine phenotyping was not reliable in predicting CYP1A2-related clozapinefluvoxamine DDI [51] .
Type 2 drug-drug interactions: moderate or weak CYP1A2 inhibitors
Caffeine consumption is a significant predictor of serum clozapine levels [52] . Various case studies have shown that caffeine intake can influence clozapine plasma levels and clozapine efficacy [53, 54] . A randomized study that assigned patients to drink either regular coffee or decaffeinated coffee showed that caffeine was associated with plasma clozapine [55] . Caffeine intake can also result from the consumption of cola soda; six glasses a day increased plasma clozapine to toxic levels in one case study [56] . Intraindividual variations in plasma clozapine responses to caffeine were influenced by CYP1A2 [55] .
There are a few case reports of DDI with clozapine and oral contraceptives [57] [58] [59] . The recommendation to monitor and consider dose alterations can be more complicated in real-world situations as the clozapineprescribing physician may be unaware of a patient's contraceptive prescription history and the patient may not realize that sharing this information is important.
Type 3 drug-drug interactions: CYP2D6 or CYP3A4 inhibitors
Cotreatment of clozapine with antidepressants metabolized by CYP2D6, including sertraline, paroxetine, and fluoxetine, is reported to lead to increases in plasma clozapine by 20-40% (reviewed by Spina and de Leon [60] ). Although the study by Centorrino examined 40 patients cotreated with SSRIs and 40 with clozapine alone and showed increased serum clozapine and N-desmethylclozapine, there were very large SDs in serum concentrations (e.g. the mean clozapine concentration in paroxetine cotreated patients was 417 ng/ml with SD 373 ng/ml) [61] . Another study of 14 patients on paroxetine and clozapine showed no change in clozapine or major metabolites [62, 63] . In a single case report, a patient on clozapine and paroxetine showed a toxic increase in serum clozapine [64] , whereas a study of nine patients cotreated with paroxetine and eight patients cotreated with sertraline found increased clozapine and N-desmethyl clozapine only in the paroxetine group [65] . However, as paroxetine is also metabolized by CYP1A2 and CYP3A4, the relationship may not all be because of CYP2D6 inhibition (see paroxetine pathway https://www. pharmgkb.org/pathway/PA166121347).
In an in-vitro microsome experiment, the CYP2D6 inhibitors quinidine and dextromethorphan influenced the metabolism of clozapine and reduced the generation of minor metabolic products as shown by HPLC, but did not change the amount of N-desmethylclozapine or clozapine N-oxide [66] .
The CYP3A4 inhibitor ketoconazole has been shown to strongly inhibit the production of N-desmethylclozapine, clozapine N-oxide, and other minor metabolites in vitro [3] . However, in a study of 21 patients receiving clozapine and ketoconazole, no significant changes in clozapine and metabolites were observed [33] . Also, in a series of human liver microsome experiments using CYP3A4 phenotyping with testosterone 6β-hydroxylation, the CYP3A4 DDI of clozapine with ketoconazole was not predictable [51] .
Type 4 drug-drug interactions: strong CYP3A4 inducers
Although coprescription of clozapine and strong CYP3A4 inducers is not recommended, the label lists examples such as phenytoin and carbamazepine, but not oxcarbazepine. Case reports of DDI with oxcarbazepine suggest that it may be especially likely to interact with clozapine through both CYP3A4 and CYP1A2 [67, 68] .
Other drug-drug interactions
One of the side effects of clozapine is gastroesophageal reflux disease [69] . Treatment for gastroesophageal reflux disease is proton pump inhibitors (PPIs), the majority of which are metabolized by CYP2C19. There are several possible routes of DDIs between clozapine and PPIs: induction of CYP1A2, induction of FMO3, and competitive inhibition of CYP2C19. Any or all of these interactions may lead to increased N-desmethylclozapine and clozapine N-oxide and increased risk for hematological toxicity [69] . Clozapine N-oxide inhibits the CYP2C19-mediated metabolism of S-mephenytoin in vitro [70] . Potentially, clozapine N-oxide may then inhibit CYP2C19 metabolism of PPIs.
Moderate or weak CYP1A2 or CYP3A4 inducers are also discussed in the drug label, with the suggestion to increase the dose if lack of efficacy is observed. No specific drugs are mentioned in the label.
The drug label also cautions on the use of clozapine in those already at risk for long QT and mentions many QTprolonging drugs where concomitant use may increase the risk of long QT syndrome. Several of the drugs listed are also contraindicated as CYP3A4 inhibitors, for example, erythromycin or CYP2D6 inhibitors, for example, quinidine, chlorpromazine, or CYP1A2 inhibitors, for example, amiodarone.
Pharmacogenomics
Although the majority of studies of clozapine PGx have examined PD candidate genes, this paper is focused on PK candidate genes and their effects on PK or on PD/ clinical outcomes (summarized in Table 2 ). The candidate genes CYP1A2, CYP3A4, CYP2C19, CYP2D6, and ABCB1 are all well-known pharmacogenes and detailed 
CYP1A2
There are no coding sequence variants of CYP1A2 associated with clozapine metabolism, likely because of very low frequencies in most populations (reviewed by Thorn et al. [71] and summarized at PharmGKB in the CYP1A2 VIP summary). The most commonly studied variants are in the upstream promoter region: CYP1A2: − 163C > A (rs762551), CYP1A2: − 3860G > A (rs2069514), and CYP1A2: − 729C > T (rs12720461), which form the haplotypes *1F, *1C, *1D, and *1K [71] . As there has been some historical confusion about which variant at − 164 (rs762551) represents the *1F allele [71] , the specific variants are given where reported. The haplotype *1F is considered an inducible variant that has high activity; haplotypes *1C, *1D, and *1K are considered to have low activity [71] .
In patients receiving clozapine, CYP1A2*1F has been associated with treatment nonresponse requiring higher doses [17] [18] [19] 72] . Homozygotes of CYP1A2*1F (rs762551 AA) who are smokers have lower plasma clozapine, higher metabolite concentrations, and faster clearance than nonsmokers. In a case study of four nonresponders to clozapine, who were all heavy smokers (>30 cigarettes/ day), all were found to be homozygous *1F (described as − 164C > A, all were AA) [17] . All of the patients experienced a marked or a moderate improvement in their clinical state after an increase in clozapine plasma levels above the therapeutic threshold either by an increase in clozapine doses to very high values or by the introduction of fluvoxamine [17] . Another case report included two patients who quit smoking and experienced severe adverse effects: one who smoked more than 40 cigarettes/day and quit abruptly and had extremely high plasma clozapine and adverse effects and one who reported smoking 3 or 4 cigarettes/day who was hospitalized and not allowed to smoke and had many comedications. Both patients were homozygous CYP1A2*1F and defined specifically as − 164AA [19] . In addition, a study of 58 patients with schizophrenia receiving clozapine found decreased concentration dose ratios in smokers with CYP1A2*1F (AA), but this was not significant [18] . Nonsmokers who were *1F heterozygote or homozygote had increased concentration dose ratios. The smokers were described as smoking at least 15 cigarettes/day, but the range was not reported [18, 73] .
The risk for seizures with patients receiving clozapine tends to be at low doses (< 300 mg/day) during the titration phase and at high doses (≥600 mg/day) during the maintenance phase [74] . The homozygous CYP1A2*1F genotype is associated with an increased risk for seizures in patients receiving clozapine (n = 108) [75] , perhaps reflecting the association that CYP1A2*1F has with higher doses.
Patients with low-expression alleles of CYP1A2 were more likely to have adverse events related to increased All alleles/genotypes stated as on the plus chromosomal strand. The ABCB1 gene is on the minus strand; therefore, alleles may be shown complementary to that in other publications.
plasma clozapine, decreased metabolites, and decreased clearance. A case study of three individuals with clozapine intolerance and tardive dyskinesia on low/normal dose with no other confounding drugs found their genotypes to be CYP1A2*1C (two heterozygous, one homozygous, and all without *1F), which is a low-expression allele. The CYP1A2-mRNA expression levels in these patients' lymphocytes were less than 1/30 of those found in controls [20] . Another case series of hospital inpatients with schizophrenia, where a proportion were receiving clozapine (n = 18 out of 209), and found low-activity CYP1A2 (no inducers CBZ, VPA or smoking, CYP1A2*1D delT, or CYP1A2*1FC) was associated with decreased clinical outcomes as measured by PSP-P and CGI-2 scores [21] .
In general, PGx studies of clozapine and BMI and metabolic syndrome-related side effects have focused on PD genes and not included measurements of PK gene variants. There is some variability in opinion on whether metabolic side effects are dose dependent [76] . One small study (n = 17) showed that low-activity variants CYP1A2*1C and CYP1A2*1D were associated with higher serum clozapine concentrations and an increased risk of developing insulin and lipid elevations and insulin resistance on a given dose of clozapine [77] .
CYP3A
Low CYP3A4 expression (as measured by leukocyte mRNA levels) is associated with high serum clozapine [7] . In those low expressors of CYP3A4, the expression of CYP3A5, that is CYP3A5*1, resulted in decreased serum clozapine compared with those who were CYP3A5*3 homozygotes and did not express functional CYP3A5 [7] . Another study showed no effect of CYP3A5, with CYP3A4 contributing only in patients with reduced CYP1A2 activity [36] .
CYP3A43 is another gene in the CYP3A locus [78] and although its exact involvement in the clozapine pathway is still unclear, variants rs680055 and rs472660 in CYP3A43 are associated with increased response to clozapine [8] .
CYP2D6
An early study of patients receiving clozapine showed no association between PM and EM genotypes and response [79] . Several other studies concluded that CYP2D6 variants are not associated significantly with the clozapine/N-desmethylclozapine ratio or metabolic effects [36, 77, 79, 80] . The FDA drug label does not give references supporting the inclusion of wording about CYP2D6 variants.
CYP2C19
One study of patients receiving clozapine showed that patients with the CYP2C19*17/*17 genotype, who are considered ultrarapid metabolizers, had higher serum N-desmethylclozapine, had a lower prevalence of diabetes, and showed greater improvement in their Schizophrenia symptoms compared with patients with the CYP2C19*1/*1 genotype [15] . In another study, the poor metabolizer genotype CYP2C19*2/*2 was associated with higher serum clozapine [36] . CYP2C19*17/*17 was not associated with significant changes in serum clozapine or N-desmethylclozapine in the full cohort, but was significant in a small group not receiving fluvoxamine [36] . In a large study of 91 patients, neither *2 nor *17 was associated with alterations in serum clozapine [6] .
Transporter variants
A few studies have examined variants in transporters, although they have not been reproduced. The ABCB1 variant rs1045642 AA genotype (3435G > A) is associated with increased plasma clozapine [36] . The same genotype of ABCB1 rs1045642 was also associated with agranulocytosis and neutropenia [81] , but another study found that this genotype, when part of a haplotype of ABCB1, might be protective against agranulocytosis [82] . In general, CIA is not considered to be dose dependent, but increased drug concentrations specifically in leukocytes could be a factor and may be influenced by genetic variants. Variants rs1045642G in ABCB1 and rs212090T in ABCC1 were associated with increased weight gain and risk for hypertension in men but not women treated with clozapine [37] .
ABCB1 rs7787082 G and rs10248420 A alleles were observed more frequently in nonresponders to clozapine [83] . Variant rs2231142 in ABCG2 is associated with increased dose-adjusted trough concentrations of clozapine [1] .
Conclusion
We have presented a short summary of the candidates involved in clozapine metabolism and their involvement in DDIs and PGx responses. There is still a large part of PK variability for clozapine that is not explained adequately. The evidence from DDI experiments in-vitro and in-vivo does not align perfectly [13, [61] [62] [63] . There are many possible reasons for this including differences in metabolism in different cell types, consideration of different metabolites and pathway branches, and PGx influences. The in vitro experiments were conducted with expressed proteins or liver microsomes, whereas in vivo studies may involve many cell and organ systems.
In vitro systems do not allow for the transcriptional modulation of CYP1A2 or CYP3A4, which can be a major contributing factor to DDIs.
Both types of DDI studies also mostly focused on the parent drug and its two main serum metabolites, N-desmethylclozapine and clozapine N-oxide, and little is known about the relevance of minor metabolites and pathways downstream of N-desmethylclozapine [6, 66] .
Very few studies have considered the implication of a PGx variant on a DDI.
At present the PGx evidence is very scattered and few associations have been replicated, but CYP1A2, CYP2C19, and CYP3A family genes are all good candidates. The evidence for CYP2D6 variation on clozapine PGx is lacking, although the DDI studies show that CYP2D6 is involved in clozapine PK and there may yet be a role in the generation of minor metabolites [3, 29, 65, 69] . Larger in-vivo studies are needed that include mechanisms that quantify the influence of environmental effects of caffeine and smoking as well as multiple PGx candidates. Although one small study concluded that the effect of smoking on clozapine/N-desmethylclozapine plasma concentrations was not related to the number of cigarettes smoked per day (>20, 11-20, 6-10, ≤ 5), this study only examined 45 smokers [36] . A more recent study combining caffeine metabolism and smoking data for 863 healthy individuals, including 385 smokers, with model clozapine metabolism suggests that the number of cigarettes is related to clearance. The model could predict clozapine clearance in agreement with published data for ranges of cigarettes per day (>20, 11-20, 6-10, ≤ 5) [84] . Difficulties in generating such a model involve factoring the effect that coffee consumption may have on CYP1A2 expression [85] . Passive smoking may also need to be considered as there is evidence that it influences phenacetin metabolism, another substrate of CYP1A2. Passive smokers had an intermediate metabolism of phenacetin between that of smokers and nonsmokers [86] . In addition, changes in the housing status of a patient should be considered in any predictive model as changes from home-based care, hospital emergency care, and in-patient facility care can affect smoking behavior.
The ability to predict the size of effects from a change in care arrangement may aid in avoiding adverse events. Other factors to consider are other inducer/inhibitors including environmental toxins (which may be encountered if patient is in an unstable housing situation), prescription drugs, drugs of abuse, alternative medicines, alcohol, and diet. There is evidence of inflammationinduced downregulation of CPY1A2 and CYP3A4 resulting in phenoconversion from an EM genotype to a PM phenotype [25] .
More data are needed on the contribution of CYP3A5 and CYP3A43. Although genetic variants appear to have a limited effect on CYP3A4, there are variants that have large effects on CYP3A5 and CYP3A43 [7, 8] . In addition, the impact of transporter variation both hepatically and at the blood-brain barrier needs a more consistent examination. The combination of all these factors in an algorithm along with those for PD candidate genes is the ultimate aim.
